Fluorescence titrations, absorption spectroscopy and stopped-flow techniques were used to study the interaction of T4 coded 32-protein (P32) with MS2 RNA and total tRNA from E. coli under different ionic conditions. It is shown that the amount of MS2 RNA and tRNA secondary structure melted by P 32 varies markedly and reversibly within a range of ionic conditions under which the binding constant of P 32 to single-stranded nucleic acids unable to form stable hairpins remains higher than 10 M . Kinetic experiments suggest that P 32 dissociates from the MS2 RNA rewinding strand with a similar rate constant as calculated for the dissociation from single-stranded regions. Possible in vivo consequences of these findings are discussed.
INTRODUCTION
Gene 32 protein (P 32) induced upon infection of E. coli with phage T4 was the first of the group of proteins which bind tightly to single-stranded DNA to be identified . Protein 32 is required for genetic recombination, DNA replication and DNA repair . It stimulates T4 DNA polymerase
6
;n vitro . Protein 32 may also protect single-stranded DNA from nucleolytic attack . All these functions depend on the highly cooperative binding of P 32 to single-stranded nucleic acids ' . As a result of cooperativity bound protein monomers are distributed in clusters rather than randomly 23 28 on the polynucleotide lattice ' . Binding cooperativity could also be involved in the regulation of P 32 biosynthesis. It has been proposed that the repression of the translation of P 32 messenger RNA could be due to the cooperative binding of a few molecules of P 32 to an unstructured region 8 11 of its own messenger RNA . The model assumes that P 32 is readily displaced from its messenger RNA on to any available single-stranded DNA in order to explain the correlation between the expression of P 32 and the levels of intracellular single-stranded DNA.
It is known that some messenger RNAs have tightly folded conformations as a result of a high degree of base-pairing . Numerous studies have demonstrated that the RNA genomes of the group of bacteriophages f2-MS2-R17 are highly base paired " . Furthermore, the translational sequence of their cistrons depends on the conformation of the molecules since secondary and tertiary structures seriously limit the amount of singlestranded nucleic acid available under physiological conditions . Physical measurements show that ribosomal RNA is also organized in a series ,,,.., . 17, 18 of small helical regions
We were interested in defining the conditions under which P 32 discriminates between single-stranded DNA and RNAs with palindromic sequences capable of folding into hydrogen-bonded intramolecular doublehelical regions. This problem is related to the definition of the conditions for the melting of the double-stranded regions of these RNAs by P 32. For these purposes we have used total transfer RNA (tRNA) from E. coli and MS2 viral RNA. MS2 RNA serves both as messenger and genome. It has 3 569 nucleotides and 52 % G-C content. The knowledge of the complete nucleotide sequence allowed the proposal of secondary structures based on 19 principles of thermodynamic stability
MATERIALS AND METHODS

Preparation of gene 32 protein
Escherichia coli B was used as non permissive host strain for amber mutant (am A 292) phage infection. E. coli CR63 was used as permissive host strain. Both strains were gifts from Dr. Brody.
The procedure for the preparation of P 32 was that of Alberts and Frei , with an additional step of hydroxylapatite chromatography for further purification. Protein fractions were analyzed on sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis according to Laemmli Molecular weights were determined using standard proteins of known molecular weight. Protein 32 migrates as a single band with an apparent molecular weight of 35000 daltons. The ratio A n /A was found to be 1.8 .
ZoU 260
The protein concentration was measured using a molar extinction coeffi-21 cient at 280 nm of 37000
Nucleic Acids
Calf thymus DNA was obtained from Miles. It was further purified by SDS-chloroform extraction. MS2 virus RNA was from Miles, poly(rA) from PL Biochemicals, and E. coli total transfer RNA from Schwarz Mann.
Fluorescence measurements
Fluorescence measurements were carried out with a FICA 55 spectrofluorimeter. The signal from the sample was divided by the signal from a reference cell of rhodamine B which has a quantum efficiency that is essentially constant below 580 nm. Data were collected at 4°C. Solutions of P 32 were contained in 3 ml spectrofluorimeter quartz cells. A 5 mm glass-coated stirring bar was used for mixing P 32 with added nucleic acids or salts.
Absorption spectra
Absorption spectra were recorded with Cary 15 and Cary 219 spectrophotometers at 24°C.
Binding constants
Apparent association constants for the binding of P 32 to nucleic acids were estimated using the formalism described by Kelly et al.
At the stoichiometric point this expression can be written as
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where K = K .ui , K is the direct binding constant to a single-stranded app c c °n ucleic acid site and UJ is the cooperativity constant ; 9 = AF/AF , where AF is the protein fluorescence change at a particular ligand concentration and AF is the protein fluorescence change at saturating ligand concentration. |N 1 and fp 1 are the total concentrations of nu-cleotide sites and protein, respectively.
Kinetic measurements
Kinetic measurements were carried out with a Durrum stopped-flow spectrophotometer.
RESULTS
Fluorescence titrations
The 
1,5-10"
[phosphate] f Figure 2 . A, fluorescence titrations curves for the binding of MS2 RNA to P 32. Curve 1, titration in buffer I (10 mM NaCl, 10 mM NaCacodylate, 0. 2 mM EDTA, pH 7. 6) ; curve 2, titration in buffer II (110 mM NaCl, 10 mM NaCacodylate, 1 mM MgCl2, pH 7.6) ; curve 3, titration in buffer III (110 mM NaCl, 10 mM NaCacodylate, 3 mM MgCl 2 , pH 7.6). B, competition experimentswith denatured DNA. Protein concentration, 2.4x M . Temperature, 4°C. [phosphate] M(> 10 6 ) Figure 3 . Fluorescence titration curves for the binding of total tRNA from E. coli to P 32. Curve 1, titration in buffer I (10 mM NaCl, 10 mM NaCacodylate, 0. 2 mM EDTA, pH 7. 6) ; curve 2, titration in buffer III (110 mM NaCl, 10 mM NaCacodylate, 3 mM MgCl 2 , pH 7.6). Protein concentration, 2.4xlO" 7 M. Temperature, 4°C. . Difference spectra of MS2 RNA -P 32 complexes. Input MS2 RNA, 7. 16 x 10" 6 M ; P 32, 1.47 x 10* 6 M. Curve 1, difference spectrum in buffer I (10 mM NaCl, 10 mM NaCacodylate, 0. 2 mM EDTA, pH7.6); curve II, difference spectrum in buffer II (110 mM NaCl, 10 mM NaCacodylate, 1 mM MgCl2, pH 7.6) ; curve 3, difference spectrum in buffer III (110 mM NaCl, 10 mM NaCacodylate, 3 mM MgCl 2 , pH 7. 6). Each difference spectrum was obtained with tandem cells at 24°C. where co is the cooperativity constant determined by Kelly et al (<JU = 1CT).
9 is calculated from the equilibrium constant (table I) . Equation (4) assumes that all binding sites on the polynucleotide are equivalent. In our case the polynucleotide chain folds back on itself to form a series of double helical regions with different conformational free energies. Even if in buffer I most of the secondary structure of MS2 RNA is melted by excess P32, at low and medium saturation we do not know to what extent the distribution of conformational free energies could effect the number of protein clusters and hence the rate of protein dissociation. This effect should be very small for nearly saturated complexes.
We have found a value of k =6.2 sec . This value coincides, wi-27 thin the limits of experimental precision, with that obtained by Suau et al for the cooperative dissociation of P 32 from its complex with single-stran-ded nucleic acids. Peterman and Wu reported a value of 27 sec for the dissociation of P 32 from single-stranded DNA in 0.6 M NaCl. Thus, it seems that bound P 32 is displaced from the RNA rewinding strand with a rate constant which does not essentially differ from its dissociation rate constant from single-stranded nucleic acids unable to form stable hairpins.
DISCUSSION
We have shown that at relatively low ionic strength (20 mM) P 32 is capable of melting most of the secondary structure of MS2 RNA and tRNA.
Under such ionic conditions the binding of P 32 seems to be nonspecific with respect to base composition and sequence and also with respect to whether the nucleic acid contains ribo-or deoxyribonucleotides. The apparent association constant for the binding of P 32 to denatured DNA, poly(rA), RNAs under physiological conditions have a fraction of their secondary structure with a net thermodynamic stability not much greater than -4kcal/ mole points towards the convenience of a precise regulation of the synthesis of P 32 in order to prevent excess levels that could be potentially dangerous.
